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A  single-metal  redox  flow  battery  employing  manganese(III)  acetylacetonate  in  tetraethylammonium 
tetrafluoroborate  and  acetonitrile  has  been  investigated.  Cyclic  voltammetry  was  used  to  evaluate  elec¬ 
trode  kinetics  and  reaction  thermodynamics.  The  Mnn/Mnm  and  Mnni/MnIV  redox  couples  appeared 
to  be  quasi-reversible.  A  cell  potential  of  1.1  V  was  measured  for  the  one-electron  disproportionation 
of  the  neutral  Mnm  complex.  The  diffusion  coefficient  for  manganese  acetylacetonate  in  the  support¬ 
ing  electrolyte  solution  was  estimated  to  be  in  the  range  of  3-5  x  10-6  cm2  s-1  at  room  temperature. 
The  charge-discharge  characteristics  of  this  system  were  evaluated  in  an  H-type  glass  cell.  Coulombic 
efficiencies  increased  with  cycling  suggesting  an  irreversible  side  reaction.  Energy  efficiencies  for  this 
unoptimized  system  were  ~21%,  likely  due  to  the  high  cell-component  overpotentials. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Redox  flow  batteries  (RFBs)  are  being  developed  for  applica¬ 
tions  including  storage  of  the  large  amounts  of  energy  produced 
by  intermittent  sources  such  as  wind  turbines  and  solar  cells.  Most 
RFB  systems  are  based  on  aqueous  electrolyte  chemistries.  These 
include  Zn-Br  [1],  Fe-Cr  [2],  Br-polysulfide  [3],  and  all-vanadium 
[4,5]  RFBs.  Since  the  energy  and  power  densities  of  a  battery  are 
determined  by  the  cell  potential,  the  use  of  aqueous  electrolytes 
limits  system  performance  because  the  cell  potential  must  lie 
within  the  potential  range  where  the  solvent  and  supporting  elec¬ 
trolyte  are  electrochemically  stable.  Under  standard  conditions,  the 
voltage  limit  for  aqueous  electrolytes  is  1.23  V  and  operating  tem¬ 
peratures  are  limited  to  0-100°C. 

Our  research  group  has  been  investigating  non-aqueous  RFB 
systems  based  on  low-cost  active  materials  from  the  family  of  metal 
/1-diketonate  coordination  complexes.  Non-aqueous  electrolytes 
offer  the  possibility  of  wider  stable  potential  windows,  wider  oper¬ 
ating  temperature  ranges,  and  higher  energy  and  power  densities 
than  aqueous  electrolytes  [6-10].  We  recently  reported  results  for 
vanadium  acetylacetonate  (V(acac)3)  [9]  and  chromium  acetylace- 
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tonate  (Cr(acac)3)  [10].  The  V(acac)3  and  Cr(acac)3  systems  were 
quasi-reversible  with  cell  potentials  of  2.2  and  3.4  V,  respectively. 

Flere  we  describe  a  single-element  non-aqueous  redox  sys¬ 
tem  comprised  of  manganese  acetylacetonate  (Mn(acac)3)  active 
species  and  tetraethylammonium  tetrafluoroborate  (TEABF4)  sup¬ 
porting  electrolyte  in  acetonitrile  (CH3CN).  While  manganese 
complexes  have  been  studied  for  use  in  aqueous  RFBs  [11],  they 
have  not  previously  been  used  in  single-metal,  non-aqueous  RFBs. 
Results  for  this  system  are  compared  to  the  previously  reported 
acetylacetonate  complexes  in  an  effort  to  identify  trends  that 
could  be  used  for  the  design  of  non-aqueous  electrolytes  for  RFBs. 
Cyclic  voltammetry  (CV)  was  used  to  evaluate  the  cell  potential 
and  kinetic  behavior.  Charge-discharge  characteristics  were  deter¬ 
mined  using  an  FI-type  electrochemical  cell. 

2.  Experimental 

2.1.  Electrolytes 

Electrolytic  solutions  were  prepared  by  dissolving  Mn(acac)3 
(90%,  Strem,  U.S.)  and  TEABF4  (99%,  Fluka,  U.S.)  in  anhydrous  CH3CN 
(99.8%,  Aldrich,  U.S.).  Concentrations  for  Mn(acac)3  and  TEABF4 
were  0.05  M  and  0.5  M,  respectively. 

2.2.  Cyclic  voltammetry  experiments 

Cyclic  voltammetry  was  performed  using  an  Autolab 
PGSTAT302N  Potentiostat/Galvanostat  (Ecochemie,  Netherlands). 
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Fig.  1.  Cyclic  voltammograms  measured  at  a  glassy  carbon  electrode  in  0.05  M 
Mn(acac)3  and  0.5  M  TEABF4  in  CH3CN;  scan  rate  100  mV  s_1 ;  room  temperature. 

A  3  mm  diameter  glassy  carbon  electrode  (BASi,  U.S.)  was  used  as 
the  working  electrode.  The  working  electrode  was  polished  with 
1200  grit  silicon  carbide  polishing  paper,  ultrasonically  cleaned 
and  rinsed  thoroughly  with  distilled  water.  Potentials  during  CV 
were  measured  relative  to  a  0.01  M  Ag/Ag+  and  0.1  M  tetraethy- 
lammonium  perchlorate  (TEAC104)  reference  electrode,  which 
was  connected  to  the  working-electrode  chamber  via  a  Luggin 
capillary.  A  large-area  (~9  cm2)  graphite  plate  (Graphitestore,  U.S.) 
was  used  as  the  counter  electrode.  Solutions  were  purged  with 
research-grade  nitrogen  prior  to  the  experiments. 

2.3.  Charge-discharge  experiments 

An  H-type  glass  cell  was  used  for  the  charge-discharge  exper¬ 
iments  [7,9].  Each  compartment  contained  lOmL  of  electrolytic 
solution  that  was  continuously  agitated  using  a  Teflon  magnetic 
stir-bar.  The  electrolytes  were  separated  by  a  Neosepta  AHA  anion- 
exchange  membrane  (Astom,  Japan).  Prior  to  each  experiment,  the 
membranes  were  pre-conditioned  by  soaking  in  a  solution  con¬ 
taining  0.5  M  TEABF4  in  CH3CN  for  more  than  22  h.  Two  graphite 
electrodes  were  employed  in  the  charge-discharge  experiments, 
with  immersed  surface  areas  of  7  cm2.  Galvanostatic  conditions 
were  used,  with  charge  and  discharge  currents  of  1.0  mA  and 
0.4  mA,  respectively.  The  cells  were  charged  up  to  a  potential 
cutoff  of  1 .2  V  and  discharged  down  to  0.04  V.  All  charge-discharge 
experiments  were  performed  in  an  argon-filled  glove 
box. 

3.  Results  and  discussion 

3.1.  Voltammetric  behavior  ofMn(acac)3  in  acetonitrile 

Fig.  1  shows  the  CV  for  a  solution  containing  0.05  M  Mn(acac)3 
and  0.5  M  TEABF4  in  CH3CN  cycled  at  100  mVs-1.  The  maximum 
solubility  of  Mn(acac)3  in  CH3CN  was  measured  to  be  ~0.6M  at 
room  temperature.  The  concentration  for  these  experiments  was 
kept  low  to  allow  for  investigation  of  the  electrochemistry  under 
conditions  where  the  thermodynamics  and  transport  are  expected 
to  be  relatively  ideal. 

Two  redox  couples  were  observed  within  the  solvent  stabil¬ 
ity  window,  at  -0.4  and  0.7  V  vs.  Ag/Ag+.  The  electrochemistry 
of  manganese  acetylacetonate  has  been  evaluated  in  a  range 
of  electrolytes  and  with  different  electrode  materials  [12-15]. 


Gritzner  et  al.  defined  the  Mn(acac)3  redox  potentials  at  Pt  and 
Hg  using  solvents  including  CH3CN,  with  tetrabutylammonium 
perchlorate  supporting  electrolyte  [13].  Peak  potentials  and  kinet¬ 
ics  were  observed  to  be  highly  dependent  on  solvent,  supporting 
electrolyte  and  electrode  material.  They  reported  redox  couples 
at  0.64  and  1.70  V  vs.  a  bis(biphenyl)chromium  tetraphenylbo- 
rate/bis(biphenyl)chromium  reference  electrode.  Although  differ¬ 
ences  in  the  reference  electrodes  used  makes  it  difficult  to  compare 
the  absolute  values  of  these  redox  potentials  to  those  reported  here, 
the  voltage  differences  between  the  redox  couples  (~1 .1 V)  are  con¬ 
sistent.  Given  the  similarities,  we  have  assigned  the  redox  couples 
observed  here  to  the  reactions: 

Al/Cl  :  MnIH(acac)3  +  e_  [Mnn(acac)3]- 

E  =  —0.4  Vvs.  Ag/Ag+  (1) 

A2/C2  :  Mnlll(acac)3  *>  [Mnlv(acac)3]+  +  e- 
E  =  0.7  Vvs.Ag/Ag+  (2) 

Features  associated  with  half-reactions  (1 )  and  (2)  are  labeled  in 
Fig.  1.  Formal  potentials  for  each  reaction  were  estimated  by  taking 
the  average  of  the  anodic  and  cathodic  peak  potentials.  The  formal 
potentials  indicated  that  an  RFB  system  based  on  the  one-electron 
disproportionation  of  Mn(acac)3  would  yield  a  1.1  V  cell  potential. 
This  is  comparable  to  the  aqueous  vanadium  RFB  system  (1.26  V 
under  standard  conditions  [16])  but  much  smaller  than  the  2.2  and 
3.4  V  reported  for  the  non-aqueous  V(acac)3  [9]  and  Cr(acac)3  [10] 
systems,  respectively. 

Two  additional  reduction  peaks,  labeled  C3  and  C4, 
can  be  seen  in  Fig.  1.  In  CH3CN  solvent,  Gritzner  et  al. 
reported  a  peak  corresponding  to  a  second  reduction  of 
Mn(acac)3  at  -1.49  V  vs.  bis(biphenyl)chromium  tetraphenylb- 
orate/bis(biphenyl)chromium  [13].  Again,  due  to  differences  in 
reference  electrodes,  it  is  difficult  to  compare  absolute  values  for 
potential,  but  because  Gritzner  et  al.  reported  the  first  reduction 
of  Mn(acac)3  at  0.64  V,  we  would  expect  this  second  reduction  at  a 
potential  ~2.1  V  negative  of  the  first  reduction.  From  Fig.  1  it  can 
be  seen  that  the  formal  potential  of  the  peak  labeled  C3  is  -2.4  V 
vs.  Ag/Ag+,  or  ~2  V  more  negative  than  the  Al/Cl  redox  couple. 
In  the  report  by  Gritzner  et  al.,  this  second  reduction  peak  was 
not  assigned  to  a  particular  Mn  oxidation  state.  From  reports  of 
the  electrochemistry  of  other  Mn  complexes  in  organic  solvents 
[17,18],  in  which  peaks  corresponding  to  the  second  reduction  of 
Mn  observed  at  very  negative  potentials  were  attributed  to  the 
reduction  of  Mn11  to  Mn°,  it  seems  likely  that  the  reduction  peak 
observed  in  this  work  similarly  corresponds  to  the  two-electron 
reduction  to  metallic  Mn.  This  reduction  peak,  C3,  has  consequently 
been  attributed  to  the  reaction: 

C3  :  [Mn"(acac)3]“  +2e"  [Mn°(acac)3]3" 

£  =  - 2.4  Vvs.Ag/Ag+  (3) 

The  lack  of  an  observable  corresponding  oxidation  peak  suggests 
that  reaction  3  is  coulombically  irreversible  and  would  not  be  useful 
for  a  rechargeable  RFB. 

The  peak  in  Fig.  1  labeled  C4  at  0  V  vs.  Ag/Ag+  was  not  observed 
in  the  Mn(acac)3  voltammetry  reported  by  Gritzner  et  al.  [13]. 
Although  the  origin  of  peak  C4  has  not  been  determined  unambigu¬ 
ously,  one  possibility  is  that  it  stems  from  the  presence  of  H20  in 
the  system.  The  Mn(acac)3  complex  used  in  this  research  contained 
~10%  H20.  The  peak  does  not  appear  to  owe  to  ligand  shedding 
because  there  were  no  peaks  observed  in  the  cyclic  voltammo¬ 
grams  near  0  V  vs.  Ag/Ag+  when  acetylacetone  was  added  to  a  0.5  M 
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Fig.  2.  Cyclic  voltammograms  measured  at  a  glassy  carbon  electrode  in  0.05  M 
Mn(acac)3  and  0.5  M  TEABF4  in  CH3CN  at  scan  rates  of  10,  50, 100,  and  200  mVs-1, 
arrows  show  direction  of  increasing  scan  rate;  room  temperature. 

TEABF4  in  CH3CN  solution.  Further  investigation  is  needed  to  eluci¬ 
date  the  origin  of  this  peak,  especially  as  it  may  affect  the  efficiency 
of  the  RFB  cell  during  cycling. 

3.2.  Kinetics  of  electrode  reactions 

Fig.  2  shows  a  series  of  cyclic  voltammograms  at  varying  scan 
rates  for  0.05  M  Mn(acac)3  and  0.5  M  TEABF4  in  CH3CN.  For  the 
MnnIMnm  redox  couple,  the  peak  separation,  AFP,  increased  from 
120  to  290  mV  as  the  scan  rate  increased  from  10  to  500  mV  s-1. 
Similarly,  for  the  Mnin/MnIV  redox  couple,  AFP  increased  from  90  to 
210  mV  with  increasing  scan  rate.  For  both  redox  couples,  ratios  of 
the  anodic  to  cathodic  peak  currents  were  near  unity.  These  obser¬ 
vations  indicate  quasi-reversible  electrode  kinetics.  An  oxidation 
peak  associated  with  anomalous  peak  C4  can  also  be  observed  in 
Fig.  2.  The  peak  heights  for  this  redox  couple  increased  with  increas¬ 
ing  scan  rate. 

To  determine  the  diffusion  coefficient  for  Mn(acac)3  in  the 
electrolytic  solution,  changes  in  peak  height  were  measured  as 
the  scan  rates  were  varied  from  10  to  500  mV  s-1.  Because  the 
redox  couples  appear  to  show  quasi-reversible  kinetics,  relation¬ 
ships  for  reversible  and  irreversible  reactions  were  investigated. 
For  a  reversible  redox  couple,  the  peak  current  ip  is  given  by  the 
Randles-Sevcik  equation  [19]: 

ip  =  2.69  x  \05n3/2ACDl/2v'/2  (4) 

where  n  is  the  number  of  electrons  transferred  in  the  electrode 
reaction  (n  =  1 ),  A  the  electrode  area  (0.07  cm2),  C  the  bulk  active- 
species  concentration,  D0  the  active-species  diffusion  coefficient, 
and  v  the  scan  rate.  A  plot  of  ip  vs.  i/1/2  yields  a  straight  line  with  a 
slope  proportional  to  D0.  Based  on  the  cathodic  peak  current  for  the 
Mnn/Mnm  redox  couple,  the  diffusion  coefficient  for  Mn(acac)3  in 
a  supporting  electrolyte  of  0.5  M  TEABF4  in  CH3CN  was  estimated 
to  be  3.0  x  10-6  cm2  s-1.  For  an  irreversible  redox  couple,  the  peak 
current  is  governed  by  [19]: 

ip  =  2.99  X  lOV/V/^CDo72!/1^  (5) 

Using  this  relationship,  the  Mn(acac)3  diffusion  coefficient  was  esti¬ 
mated  to  be  4.8  x  10-6  cm2s_1.  Given  these  results,  we  expect  the 
value  for  the  diffusion  coefficient  of  the  neutral  complex  to  be 
in  the  range  of  3-5  x  10-6  cm2  s-1.  This  is  comparable  to  that  for 
V(acac)3  in  the  same  supporting  electrolyte  and  solvent  [9]  and 


Fig.  3.  Charge-discharge  curves  for  0.05  M  Mn(acac)3  and  0.5  M  TEABF4  in  CH3CN; 
charge  current  1  mA  with  1.2  V  cutoff  and  discharge  current  0.4  mA  with  0.04  V 
cutoff;  room  temperature. 

approximately  an  order  of  magnitude  higher  than  that  reported  for 
Cr(acac)3  [10]. 

3.3.  Charge -discharge  performance 

Charge-discharge  characteristics  for  a  cell  containing  0.05  M 
Mn(acac)3  and  0.5  M  TEABF4  in  CH3CN  were  evaluated.  Galvano- 
static  conditions  were  used  with  potential  cutoffs  for  both  charge 
and  discharge.  The  charge  cutoff  was  1.2  V,  slightly  higher  than 
the  1.1  V  cell  potential  observed  in  the  voltammetry  for  the  one- 
electron  disproportionation  of  Mn(acac)3.  This  potential  should 
prevent  the  irreversible  reduction  of  Mn11  to  Mn°  which  was 
observed  in  the  voltammetry  at  ~-2.4  V  and  which  has  a  cell  poten¬ 
tial  in  combination  with  the  MnIII/IV  redox  couple  of  ~3.1  V.  The 
discharge  cutoff  was  set  at  0.04  V  to  allow  the  system  to  fully  dis¬ 
charge  without  introducing  side  reactions.  Fig.  3  illustrates  cycles 
3-10.  One  discharge  plateau  is  observed  at  ~0.3  V  for  all  ten  cycles. 
This  likely  corresponds  to  the  one-electron  disproportionation  of 
the  Mn(acac)3  species  which  has  a  cell  potential  of  1 .1 V.  The  charge 
and  discharge  voltages  were  respectively  higher  and  lower  than 
the  cell  voltages  determined  by  CV.  In  the  H-cell  configuration,  the 
electrodes  were  separated  by  a  significant  distance  (~1 0  cm).  Given 
this,  the  0.5  M  concentration  of  the  support,  and  the  presence  of  the 
anion-exchange  membrane  separator,  ohmic  overpotentials  were 
probably  significant. 

Coulombic  efficiencies  increased  steadily  from  ~74%  for  cycle  3 
to  ~97%  for  cycle  10.  This  increase  with  cycle  number  owes  to  an 
unknown  side  reaction,  with  one  possibility  being  corrosion  of  the 
electrode  material.  Energy  efficiencies  were  reasonably  constant  at 
~21%  over  the  cycles  suggesting  that  the  use  of  the  voltage  cutoffs 
prevented  the  irreversible  reduction  of  Mnm  to  Mn°. 

4.  Conclusions 

A  manganese  acetylacetonate  active  species  was  evaluated  for 
application  in  non-aqueous  RFBs,  using  a  tetraethylammonium 
tetrafluoroborate/acetonitrile  supporting  electrolyte.  Results  from 
cyclic  voltammetry  indicated  that  the  Mn(acac)3  complex  can  be 
oxidized  to  [Mn(acac)3]+  and  reduced  to  [Mn(acac)3]-  at  a  glassy 
carbon  electrode.  The  anodic  and  cathodic  half-cell  reactions 
appeared  to  be  electrochemically  quasi-reversible  and  the  cell 
potential  was  1.1  V.  This  potential  is  comparable  to  aqueous 
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vanadium  RFB  systems,  but  much  smaller  than  cell  potentials 
reported  for  other  non-aqueous  RFB  chemistries.  A  second,  irre¬ 
versible,  reduction  to  [Mn(acac)3]3_  was  observed  at  very  negative 
potential. 

The  charge-discharge  characteristics  for  an  electrolyte  contain¬ 
ing  0.05  M  Mn(acac)3  and  0.5  M  TEABF4  in  CFI3CN  were  evaluated 
in  an  FI-type  cell  using  a  membrane  separator.  One  discharge 
plateau  was  observed  at  ~0.3V  which  is  thought  to  correspond 
to  the  one-electron  disproportionation  of  the  Mn(acac)3  complex. 
Coulombic  efficiencies  were  observed  to  increase  with  cycle  num¬ 
ber  suggesting  a  side  reaction.  Energy  efficiencies  were  reasonably 
constant  at  ~21%. 
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